We report cross sections for the direct excitation of γ-ray transitions up to 200 keV by the transient electromagnetic fields of electrons from a beam, for electron incident kinetic energies of 500 keV and 5 MeV. The cross sections for the electron activation of γ-ray fluorescence are of the order of 300 nb for an electron incident kinetic energy of 500 keV, and are of the order of 10 µb for an electron incident kinetic energy of 5 MeV. The electron excitation of nuclear transitions may lead to the development of pulsed sources of gamma radiation of narrowly defined energy.
It has been shown [1] that if a beam of incident electrons produces holes in the atomic shell of certain atomic species, this atomic excitation can be transferred to the nucleus. The nucleus thus raised in an excited state then decays by the emission of Mössbauer gammaray photons. A pulse of incident electrons would produce in this way a pulse of Mössbauer γ-ray photons, which have a narrowly-defined energy. The transfer of excitation from the atomic shell to the nucleus is due to the hyperfine interaction energy, and depends on the existence of a match between an atomic transition energy and a transition from the ground nuclear state to an excited nuclear state. The probability of the X-ray electron-nuclear transition (XENDT) is inversely proportional to the square of this detuning between the atomic transition energy and the nuclear transition energy.
In this work we study the direct excitation of γ-ray transitions up to 200 keV by the transient electromagnetic field of electrons from an incident beam. This type of nuclear excitation is no longer restricted by the requirement of the existence of a near resonance between the atomic and nuclear transition energies, and is in principle open to all nuclear species. Cross sections for the nuclear activation by electrons of γ-ray fluorescence have been calculated in this work using the results of Robl, [2] who gave expressions of the cross sections in the Born approximation, for magnetic and electric multipole transitions of arbitrary order.
In these expressions, the nuclear properties are accounted for by the partial γ-ray widths of the excited Mössbauer state. The partial widths are calculated in this work from tabulated nuclear data on half-lives, relative intensities and internal conversion coefficients.
The cross sections for the electron activation of γ-ray fluorescence are of the order of 300 nb for incident electrons with a kinetic energy of 500 keV, being about two orders of magnitude lower than the cross sections for the excitation of Mössbauer transitions via electron-nuclear interactions, [1] but the number of nuclei which can be excited directly by electrons is larger, because of the absence of the near-resonance condition of [1] . The cross sections for the electron activation of γ-ray fluorescence are of the order of 10 µb for incident electrons with a kinetic energy of 5 MeV. The γ-ray activity induced by an electron beam incident on a sample containing the nuclear species under consideration is of the order of 10 4 Bq/mA, for an electron incident kinetic energy of 500 keV. Much larger activities could be produced if the incident electron beam consists of pulses of electrons. Such pulsed sources would produce γ-ray photons of narrowly defined energy. Because of their narrowly-defined energy, the γ-ray pulses produced in this way might be used for interference experiments, such as γ-ray holography. [3] Pulsed sources of Mössbauer radiation would be also valuable for the cases when the half-life of a coventional Mössbauer source is too short for practical use.
The cross section for the excitation by an incident electron of an EL transition from a ground nuclear state |g to an excited nuclear state |e can be written in the Born approximation as [2] σ EL = 2I e + 1 2I g + 1h
where Γ EL eg is the partial width for the emission of a γ-ray photon of multipolarity EL in the transition |e → |g , I e , I g are the spins of the excited and ground nuclear state, and m is The partial γ-ray width Γ eg of the transition |e → |g can be calculated as
where t e is the half-life of the excited state |e , the index l designates all nuclear states lower than |e , including the ground state |g , R el is the relative intensity of the transition |e → |g , and α el are the internal conversion coefficients. Among the cases studied in this work, we encountered mixed transitions only of the M 1 + E2 type. In the case of mixed M 1 + E2 transitions, the internal conversion coefficients have been calculated as
the partial widths are
and the total cross section for the electron excitation of the |e state is
where δ is the mixing ratio for the M 1 and E2 components of the γ-ray transition |e → |g .
[5] A pure M 1 transition corresponds to δ = 0, and a pure E2 corresponds formally to δ = ∞.
For the E1, M 2 and E3 transitions encountered in this work, we had Γ E1 eg = Γ eg , Γ M 2 eg = Γ eg , and Γ E3 eg = Γ eg . The cross section σ γ for the emission of a γ-ray photon to be induced by an incident electron is lower than σ EL , σ M L or σ M 1+E2 by the factor f = Γ eg /Γ e , where Γ e = ln 2/t e ,
where σ e denotes σ EL , σ M L or σ M 1+E2 , according to the case. In the case of a Mössbauer experiment, the cross section σ γ must be multiplied by the recoil-free fraction.
The main limitation of the previous expressions for the electron excitation cross section arises from the condition of validity of the Born approximation, which requires that
Zα(E/pc) ≪ 1, where Z is the proton number of the nucleus. As discussed by Robl, [2] there is also an upper limitation of the photon energy E γ of about 10 MeV which is not of concern for the present work, because we are studying transitions of much lower energy.
We have calculated cross sections for 144 cases of exitation of nuclear states having energies less than 200 keV, connected to the ground state by E1, M1, E2, M2 or E3 transitions, for which the half-lives t e , the relative intensities R el and the mixing ratios were known. [4] We have calculated the internal conversion coefficients by interpolation [6] , [7] and have also used values calculated on-line at the National Nuclear Data Center, Brookhaven.
[8] The cross section σ e and σ γ are listed in Table I , for a kinetic energy of the incident electron of E 0 −mc 2 = 500 keV, and E 0 −mc 2 = 5 MeV. It can be seen from Table I that the largest cross section σ γ for an electron kinetic energy of 500 keV for the emission of a γ-ray photon has the value 377 nb. The cross sections at this electron energy are about two orders of magnitude lower than the cross sections for the excitation of Mössbauer transitions via electron-nuclear interactions, [1] but the number of nuclear states which can be excited directly by electrons is larger, because of the absence of the near-resonance condition of [1] . It can be seen from Table I that the cross section for an incident kinetic energy of the electron of 5 MeV are significantly larger than the cross sections corresponding for a kinetic energy of 500 keV. We have also given in Table I values of the quantity ZαE/pc.
As estimated in [1] , when the incident electron beam is incident on a suitable target, such cross sections result in activities of the order of 10 4 Bq/mA for an electron incident kinetic energy of 500 keV. In the case of a pulsed incident electron beam the resulting activities would be much larger over the period of the pulse, because of the much larger incident current.
The photons emitted by such a pulsed γ-ray source would have a narrowly defined energy, and would be suitable for interference experiments, such as holography. [3] Electron activated γ-ray sources could also be of interest for Mössbauer experiments in cases where the half-life of conventional radioactive sources is too short to be practical. For example, among the cases listed in Table I Although the cross sections of X-ray electron-nuclear double transitions discussed in [1] and the cross sections for the direct excitation of nuclear transitions are not very large, these processes appear to be of real interest for the development of electron-activated sources of γ-ray photons of narrowly defined energy. kinetic energy E 0 −mc 2 = 500 keV, and E 0 −mc 2 = 5 MeV. The powers of 10 are represented with the aid of the symbol E, so that the value 3 × 10 −10 is written as 3E-10. 
